Spot welding can be considered a very common joining technique in automotive and transportation industries as it permits to obtain effective lap-joints with short process times and what is more it is easily developed through robots and automated systems. Recently, Friction Stir Spot Welding (FSSW) has been proposed as a natural evolution of the already known Friction Stir Welding (FSW) process, allowing to obtain sound spot joints that do not suffer from the insurgence of typical welding defects due to the melting of the base material. Similarly to FSW, both geometrical and technological parameters must be considered as they affect the material flow and the heat flux generated during the process. In the paper the results of an experimental campaign on AA6082-T6 aluminum alloy are presented. Lap joints have been FSSWed under different process conditions. During the process temperature fields have been measured through embedded thermocouples. The micro and macro mechanical joint properties have been measured and the effect of the joint geometry on the microstructure and local strength of the material was highlighted.
Introduction
Welding sheets of light alloys, especially a few aluminum alloys is difficult by employing common fusion based technologies. This has led to a widespread use of new welding techniques. Friction Stir Spot Welding (FSSW) is a process that has recently received considerable attention from the automotive, aerospace, in-white and other industries [1] . This new welding technique allows to spot join the socalled unweldable or hard-to-weld light alloys or advanced high-strength steels, which are very common materials in automotive or aerospace industries, with over 90% in power saving and 40% in equipment saving versus resistance welding (RW) or resistance spot welding (RSW). FSSW is a solid-state welding process in which a specially designed rotating cylindrical tool with varying end geometry and a probe pin is first plunged into the upper sheet. Then, the heated and softened material adjacent to the tool deforms plastically, and a solid-state bond is made between the surfaces of the upper and lower sheet. Heat and plastic flow coming from tool rotation determine remarkable microstructural modifications resulting in local modification of material mechanical characteristics around the joint [2] . Around the nugget axis, there is a Heat Affected Zone (HAZ), where the material has undergone a thermal load that modifies microstructure and mechanical properties. Further out, a Thermo-mechanically Affected Zone (TMAZ) is found, in which the material is plastically deformed by the tool stirring action and an increase of the material average grain size is found. Finally, the nugget is found, i.e. the recrystallization area, in which original grains appear to be replaced with fine grains of uniform size showing nominal dimension of few μm [3] . It is nowadays accepted that the joint microstructure is related to mechanical behavior and strength of joints obtained by FSSW [3] .
The analysis of reciprocal dependences between mechanical strength and microstructure leads to evaluate optimal parameters sets for the welding process. Main parameters are: tool geometry, tool rotational velocity, downward force applied to the tool or tool plunge depth and dwelling time.
The mechanical behavior of aluminum spot friction welds under quasi-static loading conditions was studied in a few paper. Among these in [4, 5] microstructures and fracture mechanisms of FSSW joints are investigated, concluding that a fracture starts at the interface between HAZ and TMAZ, where a decrease of mechanical characteristics evidently causes a softening phenomenon.
Very important is the tool path design in forming process of friction stir spot welds, as underlined in [6, 7] in which is proposed a modified FSSW process able to increase the mechanical properties of joint realized.
Regarding the fatigue life assessment of FSSW joint, in [8] the fatigue life under cyclic loading conditions of FSSW joints on lap-shear specimens in aluminum 6061-T6 is investigated. With respect to the fatigue life assessment of other kind of welded joints, many works, such as Radaj [9] and Salvini et al. [10] on fatigue strength of spot welded joints can be taken as a reference for a new approach to defining fatigue life criteria for FSSW. However, the rigorous and systematic use of FE methods for the structural analysis of FSSW is not yet widespread. Joint strength is mainly analyzed under a technological point of view, in order to define a production optimum, whose validation is mainly assigned to experimentation.
In [2, 11] , the foundations are laid to elaborate a complete three-dimensional FE model, in order to provide a rigorous structural characterization of a FSSW joint in aluminum alloy, also considering welding parameters influence on local variation of mechanical characteristics of material. In this way, it is possible to define a differentiation of heat and thermo-mechanically affected zones, with the aim to accurately evaluate the resulting structural effects. Moreover, the definition and validation of a complex FE model of reference can be on the basis for developing an equivalent model of the joint with a reduced computational burden, already assessed for other kind of joints [12, 13] , able to accurately simulate joint stiffness.
In order to calibrate this kind of FE model and to characterize the weld behavior, an important experimental investigation is needed. In this paper, the micro and macro mechanical properties of FSSWed joints of AA6082 have been highlighted and correlated to the effect of tool geometry and main process parameters.
Experimental set up
In order to develop the FSSW tests a properly designed clamping fixture was utilized to fix the specimens to be welded on a milling machine. The base material used was AA6082-T6 aluminum alloy in 1.5 mm thick sheets. The sheets were reduced in rectangular specimen 50 mm x 150 mm. an overlap equal to 50 mm was used. The main mechanical properties of the considered alloy have been obtained by preliminary tests as reported in Table 1 .
Tab. 1. Mechanical properties of base material of specimens.
Al 6082 T6 65000 275 385
The material showed an average microhardness value of 120 HV and an average grain size of about 80 mm. It should be noted that the above-described material, in such a temper condition, was selected because it is widely used for automotive industrial applications of spot welds.
Two different tools, made in H13 steel quenched at 1020 °C and characterized by 52 HRc hardness, were adopted. The tools have a shoulder diameter of 15 mm and cylindrical pin (2.3 mm in height and 4 mm in diameter) and a conical pin (2.3 mm in height, 4.2 mm in major diameter and 30° conical angle) respectively.
Different tests were carried out with varying tool rotation, assuming values of 900 rpm, 1500 rpm and 2000 rpm, and tool geometry. Plunging velocity, plunging depth and dwelling tome were kept constant for all the tests and equal to 0.004 mm/rev, 2.5 mm and 5 s, respectively. In this way, six different tests were considered. Each test was repeated three times. The investigated levels and ranges of each parameter were chosen based on preliminary tests and literature data [5, 6] . Tensile tests or macro and micro observations were performed for each joint. As far as the tensile tests are regarded, displacement data were detected at the crosshead of the experimental machine and numerical treatment of data was needed to consider the initial pre-load caused by the clamping geometry.
Macro observations were aimed to analyze the material area involved in the process mechanics and potential macrodefects; furthermore, through the micro observations, the different material zones, i.e. the thermally affected zone, the thermo-mechanically affected zones, the so-called nugget zone, were highlighted. In order to obtain such results the specimens were properly treated with Keller's reagent and observed by a light microscope. Microhardness measurements were carried out right below the tool pin hole left in the cross section of the joint.
Temperature was measured during the process through two embedded thermocouples. This choice was driven by the need to investigate on the effect of the non-symmetry of the joint on the metallurgical evolution occurring in the joints. Fig.1a shows a sketch of the process highlighting the main phases of the process, i.e. tool sinking, dwelling and tool extraction. Fig.1b shows a sketch of the developed joints highlighting specimen dimensions and thermocouples position. 
Results
First, the tensile tests results are reported. Fig. 2a shows the typical curves obtained during the tensile tests and the corresponding fracture morphology. The reason why the joint follows one failure mode or the other one is not completely clear. However, the dimension of the tool and the duration of the process may affect significantly this aspect. In Fig. 2b , the average maximum failure load is reported as a function of tool rotation and geometry. For all the tested specimens, the fracture starts at sheets joining point and propagates through the interfacial surface. The energy dissipated in this way is less than the amount dissipated with pull-out failure mode, in which the fracture starts at same point but propagates through the thickness of one sheet. The reason why the joint follows one failure mode or the other one is not completely clear. However, the dimension of the tool and the duration of the process may affect significantly this aspect. A different behavior is observed with varying tool pin geometry. When cylindrical pin is utilized, the load decreases with rotational speed, i.e. with heat input conferred to the weld. A minimum value of about 3 KN is found with R = 2000 rpm indicating that poor welding conditions are reached. In turn, when the conical pin is selected, an almost steady load is found with varying tool rotation, indicating a more stable and robust process conditions. In order to investigate the reasons of this behavior temperature were acquired through the embedded thermocouples. Fig. 3a and 3b show the temperature distributions obtained with the conical pin using thermocouple T1 and T2, respectively. As expected, maximum temperature increases with increasing tool rotation, reaching a maximum value of about 320 °C with R = 2000 rpm and 260 °C with R = 900 rpm. Additionally, lower temperatures are measured by thermocouple T2, i.e. the one positioned along the longitudinal axis of the joint. It can be stated that, although the process itself is symmetrical about the tool axis, different conditions are obtained in the joint due to the conduction phenomena in the non-symmetric joint. Similar trends were obtained for the cylindrical pin, with slightly smaller maximum values due to the reduced pin lateral surface. However, the reached temperature conditions are not the cause of the different mechanical performances between the two utilized tools. Fig. 4a and 4b show the macrographs and micrographs obtained in the joint cross section for the cylindrical and conical pin, respectively. Areas A, B C and D highlight the microstructure of parent material, HAZ, TMAZ and nugget, respectively. Grain refinement is observed as getting close to the weld nugget. As far as the bonding mechanics is regarded, an important difference can be pointed our between the cylindrical and conical case studies. Areas C and D of Fig.4a show the bonding line between the two sheets. This line maintains almost horizontal until the hole left by the tool pin, indicating that the major component of the material flow induced by the welding tool is a helicoid in the horizontal plane. On the other hand, in areas C and D of Fig. 5b a change in the bonding line shape is observed. The bonding line is horizontal in the HAZ (Fig. 4, area C) , while assumes a concave shape in the weld nugget, close to the hole left by the conical tool pin. This indicates that an additional material flow component in the vertical plane was induced by the conical pin surface, thus enhancing material mixing and making the process more robust. Finally, the effect of the process parameters was investigated by the microhardness measurements (Fig. 5) . In particular, the HV profiles are shown for the cylindrical pin case studies with different tool rotation. The typical W shape of frictions stir welded precipitation hardening alloys is obtained. The obtained profiles present a minimum in correspondence of the boundary between HAZ and TMAZ and a relative maximum in the weld nugget due to recrystallization. The hardness in the weld nugget increases with tool rotation to a limited extent. The most noticeable feature of the obtained distributions is the position and the value of the minimum value measured outside the nugget.
In fact, this is the starting point for fracture in FSWed joints. With increasing tool rotation, the minimum value decreases and, what is more, is shifted toward the periphery of the joint. In this way worst mechanical performances are obtained. It is worth noticing that, when a conical pin is used, similar microhardness profiles are found with varying rotation.
Conclusions
In the paper, the results of an experimental campaign on FSSW of 1.5 mm thick AA6082 aluminum alloy sheets are presented. Different process conditions were obtained with varying tool rotation and tool pin geometry. From the obtained results it can be stated that, although the best mechanical resistance obtained with the two tools is similar, almost constant resistance is found with the conical pin, while a significant loss of performance is observed for the cylindrical one. Similar temperature conditions are reached during the process with varying tool. The reason for the increased robustness of the process found using the conical pin is the material flow induced. The analysis of the bonding line revealed that the additional vertical flow component results in a concave shape of the bonding line with positive effects on the materials interlock. Finally, as the cylindrical pin is regarded, the decrease in the failure load observed with increasing tool rotation is due to the enlargement of the area characterized by low microhardness at the boundary between HAZ and TMAZ.
